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My research partners and I have studied the possibility of building a material system with 
controllable properties using two interpenetrating polymer networks (IPNs). This study is part 
of a project to build a rapid prototyping system that allows for the printing of objects with 
predefined spatial distribution of properties, with the goal that property distributions are 
controlled though interactions at the molecular level.  
One can change the properties of an IPN by adjusting the ratio of interpenetrating networks 
present in a given cured mixture. This is similar to how one obtains different shades of the 
color green by gradually changing the ratio of blue and yellow pigments when mixing paint. 
In much the same way as one can use mixing to change colors along the surface of a painting, 
one may change the properties of a body along a direction in space by changing the ratio of 
networks in the IPN. To achieve this, we studied how to make an IPN and how to control it in 
a way that will allow controlled grading of material properties in space. 
An IPN is constructed by curing two polymer networks in the same space. Unlike separated 
systems, the IPN shows behavior and properties that result from the close interaction of the 
networks, a feature that inhibits the expression of the individual network properties in favor of 
a property resulting from the close interaction of the networks. The properties of a given IPN 
  
system change based on the ratio of the networks present in the system and the order and 
kinetics of the curing process. 
At first, we studied and demonstrated the construction of an IPN using two networks that are 
both photo-cured in the same space. Most IPNs are constructed using a combination of rapid 
photo-curing of one network and then slow thermal curing of the second network, which is 
constructed from molecules that are trapped in the first network. The ability to photo-cure 
both networks speeds up the curing process, a point deemed desirable for rapid prototyping. 
Once constructed, Fourier-Transform Infra-Red spectroscopy (FTIR), Differential Scanning 
Calorimetry (DSC), and Atomic Force Microscopy (AFM) were used to show that the 
resulting system is a true IPN and we used Thermal Gravimetric Analysis (TGA), AFM, 
Dynamic Mechanical Analysis (DMA), and tensile testing to further characterize its 
properties. 
Next, we studied how to control the ratio of the two networks in the IPN by selectively 
controlling the extent of curing of each network and then removing the uncured components. 
This provided a path based on using selective photo-initiation to control the system properties. 
To achieve this, we studied the curing kinetics of the two selected systems and the possibility 
to selectively initiate each system. In the process, we identified photo-initiators that could be 
more selective than the ones initially used and also studied alternate paths to property control 
in curing polymer systems. 
 
iv 
 
Acknowledgments 
I would like to thank the people who trusted me, encouraged me and helped me during 
this year. 
First, I want to thank Dr. Negahban, my advisor, for his precious advice, his supervision and 
his support. Dr. Tan, my co-advisor, for his explanations about the chemistry and the 
interpretation of the results, I learned a lot working with him. I would like to thank Dr. Saiter 
for his expertise and his guidance. Dr. Delpouve, his two visits here were very helpful and I 
want to thank him too for his guidance. Also, I want to again thank Dr. Saiter and Dr. 
Negahban who allowed me to participate in this exchange program. 
Second, I would like to thank my teammates. I have very much appreciated working with 
them, and they have all helped me improve my English. 
Next, I would like to thank my friends and my family in France, who have encouraged me this 
year and my new friends in the USA, with whom I have enjoyed my American life. Finally, I 
want to especially thank my friends Etienne, Benjamin, and Quentin with whom I have shared 
this experience, and I would never have done this without their support. Thanks a lot. 
This thesis was possible with the help of collaborative program between the University of 
Nebraska-Lincoln, in the United States, and the University of Rouen, in France. 
v 
 
Table of Contents 
Acknowledgments ................................................................................................................. iv 
List of figures ....................................................................................................................... vii 
List of tables .......................................................................................................................... xi 
Chapter 1: Introduction .............................................................................................................. 1 
1.1. Interpenetrating Polymer Networks (IPNs) ................................................................. 2 
1.2. IPN observation and detection ..................................................................................... 6 
1.3. IPN for constructing spatially graded properties ......................................................... 8 
1.4. UV photo-curing .......................................................................................................... 9 
Chapter 2: Strategy for IPN design and process characterization ............................................ 12 
2.1. General design considerations for IPN construction ................................................. 12 
2.2. Issues related to radical and cationic polymerization ................................................ 14 
2.3. Selected chemicals ..................................................................................................... 15 
2.4. Curing procedure ....................................................................................................... 20 
2.5. Curing mechanism ..................................................................................................... 21 
2.5.1 Cationic and radical initiators used and their role in the reactions .................... 21 
2.5.2 Polymerization reaction for the resins ................................................................ 23 
2.6. Post-curing reaction ................................................................................................... 26 
2.7. Study of reaction kinetics by Fourier Transformed Infrared Spectroscopy (FTIR) .. 31 
Chapter 3: Evidence of the IPN development .......................................................................... 42 
vi 
 
3.1. Samples and sample preparation ................................................................................ 42 
3.2. AFM microscopy to identify phase separation .......................................................... 43 
3.3. Infrared spectroscopy to identify possible chemical interactions between networks 50 
3.4. DSC analysis showing the well mixing of resins ...................................................... 55 
3.5. Mechanical tests show the effect of composition ratio on tensile properties ............ 58 
Chapter 4: From controllable IPN to gradient material ............................................................ 60 
4.1. Conversion ratio control ............................................................................................ 63 
4.1.1 Problem of photo-initiator selectivity ................................................................ 63 
4.1.2 Study of curing kinetics ...................................................................................... 65 
4.2. Controlling properties by partial curing followed by removing uncured resins using a 
solvent ........................................................................................................................ 69 
4.3. Other techniques proposed to construct a gradient material ...................................... 76 
4.3.1 Selectable photo-initiators for control of network formation ............................. 77 
4.3.2 Termination reaction to stop the network formation .......................................... 82 
Chapter 5: Conclusion and future work ................................................................................... 85 
Future work .......................................................................................................................... 87 
Bibliography ............................................................................................................................. 89 
 
  
vii 
 
 
List of figures 
 
Figure 1.1 - Interpenetrating network constructed from network A and B. ............................... 3 
Figure 1.2 - Difference between thermoplastic and thermosetting polymers [10]. .................... 4 
Figure 1.3 - Different IPN structures [15]. ................................................................................. 5 
Figure 1.4 - Classification of IPNs. ............................................................................................ 6 
Figure 2.1 - 3,4 epoxycyclohexylmethyl / 3,4 epoxycyclohexane carboxylate molecule........ 16 
Figure 2.2 - Bisphenol A propoxylatediacrylate. ..................................................................... 16 
Figure 2.3 - UV photo-initiators spectra. ................................................................................. 18 
Figure 2.4 - UV spectrum of the metal halide polychromatic lamp used. ............................... 19 
Figure 2.5 - Activation of cationic initiator under UV. ............................................................ 21 
Figure 2.6 - Propylene Carbonate. ........................................................................................... 21 
Figure 2.7 - Activation of Radical initiator under UV following the α-cleavage [30]. ............ 22 
Figure 2.8 - Scheme of polymerization reaction. ..................................................................... 23 
Figure 2.9 - Cationic polymerization reaction. ........................................................................ 24 
Figure 2.10 - Chain of the epoxy resin. .................................................................................... 24 
Figure 2.11 - Radical polymerization reaction. ........................................................................ 25 
Figure 2.12 - TGA curves from ambient to 350°C (done by Lena Butterfield). ...................... 29 
Figure 2.13 - TGA curves from ambient to 700°C (done by Lena Butterfield). ...................... 30 
viii 
 
Figure 2.14 - FTIR principle [36]. ............................................................................................ 31 
Figure 2.15 - Nicolet Avatar 360 FT-IR. ................................................................................. 32 
Figure 2.16 - FTIR spectra for pure epoxy resin before and after UV curing. ........................ 34 
Figure 2.17 - Epoxy resin FTIR spectrum. ............................................................................... 34 
Figure 2.18 - Cationic crosslinker. ........................................................................................... 35 
Figure 2.19 - Analysis of conversion and reference peaks. ..................................................... 36 
Figure 2.20 - FTIR spectra for pure acrylate resin before and after UV curing. ...................... 37 
Figure 2.21 - FTIR spectrum of Acrylate functional polydimethylsiloxane. ........................... 37 
Figure 2.22 - Acrylate resin molecule. ..................................................................................... 38 
Figure 2.23 - Methacrylate chemical group. ............................................................................ 38 
Figure 2.24 - Analysis of conversion and reference peaks. ..................................................... 38 
Figure 2.25 - Epoxy resin conversion studied by FTIR for 50/50 mixture. ............................. 39 
Figure 2.26 - Acrylate resin conversion studied by FTIR for 50/50 mixture ........................... 40 
Figure 3.1 - Images of samples with different acrylate/epoxy ratios obtained according to the 
curing process described in Section 2.4. The compositions are A = 100% acrylate resin, B = 
90/10 (acrylate/epoxy), C = 80/20, D = 70/30, E = 60/40, F = 50/50, G = 40/60, H = 30/70, I = 
20/80, J = 10/90 and K = 100% epoxy resin ............................................................................ 43 
Figure 3.2 - AFM pictures for pure resins. ............................................................................... 45 
Figure 3.3 - AFM pictures for 80/20 and 50/50 composition ratios. ....................................... 47 
Figure 3.4 - AFM picture for 20/80 composition ratio. ........................................................... 48 
Figure 3.5 - Example of a phase separated polymeric system observed by AFM, from [41]. . 49 
ix 
 
Figure 3.6 - FTIR spectrum of Epoxy (top, 32 scans and resolution of 4 cm
-1
) and Acrylate 
resin (bottom, 32 scans and resolution of 1 cm
-1
). ................................................................... 51 
Figure 3.7 - FTIR spectrum of pure epoxy, 30/70, 40/60, 50/50, 60/40, 70/30, 90/10 
(Acrylate/Epoxy) and pure acrylate resin, for 32 scans and a resolution of 4 cm
-1
. ................ 52 
Figure 3.8 - FTIR spectrum of pure epoxy, 10/90, 20/80, 80/20 (Acrylate/Epoxy) and pure 
acrylate resin, for 32 scans and a resolution of 4 cm
-1
, ............................................................ 53 
Figure 3.9 - Zoom of the Figure 3.8 between 2000 and 1200 cm
-1
. ......................................... 53 
Figure 3.10 - Difference between carboxylic acid and ester group. ........................................ 54 
Figure 3.11 - Typical DSC thermogram (80/20 composition ratio of acrylate to epoxy). ....... 56 
Figure 3.12 - Summarization of Tg values for all composition analyzed by DSC. .................. 57 
Figure 3.13 - Young's modulus, stress at failure and strain at failure as a function of 
composition ratios. ................................................................................................................... 59 
Figure 4.1 - IPN structure for different composition ratio of polymer components. ............... 60 
Figure 4.2 - Construction of graded material. .......................................................................... 62 
Figure 4.3 - Curing of Epoxy (on left) and Acrylate (on right) resins for different times of UV 
exposure (5, 10, 20, 50, 80, 110 and 140 s). ............................................................................ 67 
Figure 4.4 - Difference between rinsed (left) and immersed (right) samples in acetone for 10, 
80, 140 & 300 s (up and down). ............................................................................................... 71 
Figure 4.5 - Acetone molecule. ................................................................................................ 72 
Figure 4.6 - THF molecule. ...................................................................................................... 72 
Figure 4.7 - Samples rinsed in acetone, immersed in acetone and immersed in THF. ............ 73 
Figure 4.8 - Samples with different evaporating rate for the THF solvent. ............................. 75 
x 
 
Figure 4.9 - Boc-methoxyphenyldiphenylsulfonium triflate. ................................................... 78 
Figure 4.10 - tert-butyloxycarbonyl. ........................................................................................ 78 
Figure 4.11 - Acetic acid spectrum for three different temperatures. ...................................... 80 
Figure 4.12 - UV absorption spectrum of BOC + Acetic acid mix. ......................................... 81 
xi 
 
List of tables 
 
Table 1 - Comparison of different kind of polymer blends. ....................................................... 8 
Table 2 - UV curing flood lamp specifications [24]. ............................................................... 19 
Table 3 - Table of FTIR spectrum peaks observed for the pure resin. The index “***” indicate 
that this band is observe on some mixture and not for the network alones. ............................. 51 
Table 4 - Curing of pure resins using either initiator (under polychromatic lamp and N2, at 
20°C). ....................................................................................................................................... 64 
Table 5 - General characteristics of the kinetic of curing the pure resins under polychromatic 
UV light. ................................................................................................................................... 67 
Table 6 - Estimation of solubility of resins in solvent. ............................................................ 74 
 
1 
 
 
Chapter 1: Introduction 
Rapid prototyping (RP), based on added manufacturing, provides accurate 
techniques for curing resins from a liquid bulk and obtaining 3-D objects [1] [2]. RP is based 
on an accurate control of curing conditions and of the position of curing. RP allows 
laboratory-developed material systems to be precisely manufactured in a shape and size for 
industrial applications. Nowadays it is possible from rapid prototyping to build very complex 
shapes. However no RP technology allows creating materials exhibiting different properties 
while keeping a molecular level continuous continuum. 
The goal of this thesis is to study how to develop a material system that can be used to create 
parts with distributed (graded) properties that vary on a molecular scale. This kind of gradient 
can be obtained by mixing polymers A and B that exhibit different properties to obtain a 
progressive change of properties by changing the composition, for example, from pure A to 
pure B. The primary method proposed in this study for constructing the grading is based on 
the development of interpenetrating polymer networks (IPNs). These systems appear when 
two or more networks are interlaced by irreversible entanglements at the molecular level 
without any covalent bond between them. Once they are cured, the networks cannot be 
separated from each other unless their own chemicals bonds are broken. Depending on the 
volume ratio between the different polymers, one can observe the IPN in a material at a very 
local scale. In this work, the choice of IPN structure is motivated by their ease of being 
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obtained. Most often, they can be synthesized from photo- or thermo-curing, which need to be 
compatible with the engineering requirements for rapid prototyping. 
To get a gradient, one must control the properties of the material by changing the morphology 
of the system at different areas. The idea is then to vary the composition at the micro scale by 
playing on the advancement of the network formation. Following the IPN design, the local 
control of the reaction advancement is much easier using the photo-curing compared to the 
thermo-curing. Moreover, this reaction is also faster. Thus, by varying the time of exposure 
under UV-light, it is assumed that the local properties of the material will change.  
The thesis outline is as follows: this first chapter introduces the problem studied and provides 
a background concerning Interpenetrating Polymer Networks (IPNs). The second chapter is 
dedicated to describing the strategy proposed for creating the IPN. The third chapter focuses 
on the characterization of the different materials synthesized during this study. The fourth 
chapter introduces the notion of a gradient and explains how one can go from an IPN to a 
graded material. The fifth chapter contains conclusions, perspectives, and possible future 
work. 
1.1. Interpenetrating Polymer Networks (IPNs) 
There are three categories of polymer blends: miscible, compatible and immiscible. Miscible 
polymer blends have a microstructure composed of only one phase. These materials are 
completely homogeneous. On another hand, immiscible polymer blends have a heterogeneous 
structure since the two constituents do not have affinity for each other and, as a result, phase 
separate. Compatible polymer blends are materials with homogeneous properties at the 
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macro-scale, but with a microstructure presenting two distinct phases. IPNs are normally 
constructed from compatible polymer blends. 
As is shown in Figure 1.1, an IPN is composed of two or more polymer networks that are 
intertwined such that each is entangled with the others on the molecular scale [3] [4] [5] [6] 
[7]. The IPN is a polymeric material where different networks, with their own intrinsic 
properties, are physically entangled but not interacting. However, an IPN cannot be 
considered as a simple polymer blend [8], which is often composed of thermoplastic 
polymers. Polymer blends normally show the characteristics of both components of the 
mixture, whereas IPNs normally show a single property which results from the close 
interaction of the networks. Several applications for IPNs are, for example, automobile parts, 
vibration damping parts, controlled drug delivery capsules and contact lenses [9]. The 
complex IPN structure can be found in all these products as it is easy and quick to obtain, and, 
it offers the possibility of taking advantage of the properties of each polymer by synergic or 
antagonist effects to create a high performance material. 
 
Figure 1.1 - Interpenetrating network constructed from network A and B. 
Polymers are generally classified in two categories: thermoplastic and thermosetting polymers 
(Figure 1.2). Unlike thermoplastics, thermosetting polymers form a 3D network that is 
chemically bonded and, thus, cannot melt. Thermosetting polymers have many advantages 
  
   
 
 
   
 
 
  
 
 
  
   
 
 
 
 
 
 
  
 
 
 
Network from polymer A Network from polymer IPN from network A & B 
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over thermoplastic polymers, because they have good thermal stability, weak interaction with 
solvents and very stable behavior over the time.  
 
Figure 1.2 - Difference between thermoplastic and thermosetting polymers [10]. 
The main condition required for creating an IPN is to use compatible or miscible polymers 
which must be able to entangle their networks to form a relatively stable material [5]. Two 
main IPN structures are distinguished (Figure 1.3): full and semi-IPN [11] [12]. While the full 
IPN is composed of two separate 3-D networks, the semi-IPN has a linear polymer entangled 
with a cross-linked network. The full IPN is only composed of thermosetting polymers which 
each have their own network. As for semi-IPNs, they are composed of thermosetting and 
thermoplastic polymers (in this case one does not construct a 3-D network; being in the form 
of a long linear chain). 
5 
 
 
 
Figure 1.3 - Different IPN structures [15]. 
The two structures result in different characteristic properties. An advantage of the full IPN is 
that it can prevent the risk of complete phase separation due migration of one component. 
This results from the network entanglement. Depending on the level of immiscibility, it is 
possible to have heterogeneity at micro or even nano-scale, so homogeneity exists at macro or 
micro-scale. Two aspects are particularly of importance in this study considering our 
requirements: the stability over time of the system and the wish to prevent phase separation 
inside the mixture. These drive our choice of designing a full IPN. 
Another classification (shown on the Figure 1.4) considers the kinetic aspect of the two 
reactions [11] [13]. The SIN (Simultaneous IPN) is obtained when both polymers (also named 
cross-linkers) cure at the same time. The design of SINs requires that the two reactions not 
interfere with each other. Most often the SIN is constructed from a combination of a radical 
polymerization and a polycondensation. It has been shown simultaneous formation the two 
networks yields the best properties [9] [14] and limits the possible phase separation [13].On 
the other hand, if one reaction is achieved before the other starts, the structure created is 
called a Sequential IPN. The two processes exhibit advantages depending on the required 
properties of the material. During the synthesis of Sequential IPNs, the first created network 
Full IPN 
Polymer 1 
Polymer 2 
Semi 
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swells because of the presence of the liquid polymer. This leads to a chain extended 
conformation. For Simultaneous IPNs, the absence of swelling during the synthesis leads to a 
relaxed conformation. 
 
Figure 1.4 - Classification of IPNs. 
The goal of the project is to synthesize materials from rapid prototyping. Clearly, the reaction 
has to be the fastest possible and must lead to the creation of something close to a 
Simultaneous IPN. However, as explained by Sperling et al. [15], if the curing occurs 
simultaneously, it is very rare that their rates are identical. One must keep in mind that one 
network will always be achieved before the other. 
1.2. IPN observation and detection 
By definition, an IPN is the physical entanglement of two polymeric networks which do not 
chemically interact, but physically interact due to the close presence of the atoms of the 
networks. At most scales, the IPN appears as a homogeneous material. However, the IPN 
IPN  
Interpenetrating Polymer 
Networks 
SIPNs - Sequencial IPN 
where the ploymer I is 
polymerized before the 
polymer II 
Semi-IPN 
One component is linear 
IENs  
One component is an 
elastomeric polymer 
SINs - Simultaneaous IPN 
where noninterfering 
polymer I & II are 
polymerized in the same 
time  
PDIPNs - pseudo-IPNs 
One component is linear 
latex IPNs 
One component is an 
elastomeric polymer 
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rarely constitutes the full part of the material, so its detection can be very complex. Most 
often, it is recommended to combine different characterization techniques to clearly 
demonstrate the formation of the IPN. 
As is summarized in Table 1, the general feature of polymer blends can be investigated by 
studying the glass transition temperature (Tg) of the different phases, and of the blend. The Tg 
corresponds to the temperature of transition between the glass and the rubbery state of the 
amorphous phase and can be used to study the homogeneity of the sample. If the material is 
immiscibly phase separated, one would normally observe two glass transitions exhibiting no 
variations depending on the composition. For a miscible polymer blend, only one phase exists 
and one glass transition is observed. Most often, when an IPN is formed, only one glass 
transition is observed. The IPN structure normally results from compatible polymer blends. In 
such cases, there are two independent networks present in the structure which appears 
homogeneous in the global properties (such as glass transition temperature). The temperature, 
of the observed glass transition, can be significantly different of one calculated from a mixing 
law, as the Fox-Flory one, as the IPN structure is characterized by many complex physical 
interactions. Another way to characterize the IPN consists of using Microscopy techniques 
such as Atomic Force Microscopy (AFM) or Transmission Electron Microscopy (TEM) to 
detect any evidence of phase separation. In general, no single technique is able to definitely 
prove the existence of IPN structure. 
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Table 1 - Comparison of different kind of polymer blends. 
 Microstructure Glass transition 
Miscible polymer blends Only one phase exist Only one Tg 
Compatible polymer blends 
(= IPN) 
Two phases are coexisting One Tg detected 
Immiscible polymer blends Two phases are coexisting Two distinct Tg 
1.3. IPN for constructing spatially graded properties 
IPNs are constructed from two or more polymer networks that are cured in such a way that 
results in each network interpenetrating the other network(s) at a molecular level. It is well 
known that the properties of IPNs can be designed by the selection of the individual networks, 
and the ratio of each in the IPN system. So, by controlling the network created and the ratio, it 
is theoretically possible to build a material with a gradient of properties. 
The idea and the benefits of obtaining a gradient of properties has existed for a long time and 
different methods have been proposed to obtain grading, such as for example, by preparation 
of gradient surfaces by plasma and corona treatment [16], by extrusion of different layers 
forming Polymeric Gradient Material (PGM) [17], by utilizing combination of UV light and 
temperature [18] [19], and by other methods. The benefits of such systems can be realized by 
making systems that have desired properties put at locations that can mitigate specific 
loading. This would result in a part that is considered to be a functionally graded material 
(FGM). 
One method for obtaining a grading of the properties is to mix compounds with different 
properties. For example, a gradient of composition of two materials in a mixture would 
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logically create a gradient of material properties. One method for doing this is to vary the 
composition of the components of an IPN, as shown by Lecamp et al. [18] [19]. In a 
traditional IPN, one can obtain different properties by controlling the ratio of each network in 
the resulting IPN. In this work we propose to control the structure of the IPN by controlling 
the curing of the different networks, making it is possible to obtain different properties from 
the same initial mixture. 
1.4. UV photo-curing 
As explained above, the material design proposed in this master thesis has to be compatible 
with a rapid prototyping application. That means that the way of curing must be accurate and 
very fast. The idea proposed is to create the IPN structure using photo-curing for both 
networks. A photo-initiator and cross-linker are essential for photo-curing. The cross-linker 
cannot polymerize by itself and needs just a small amount of photo-initiator to activate the 
reaction. The role of the photo-initiator is to absorb the light and produce either radicals or 
ions which will activate the curing reaction. It also needs to have a high quantum yield to be 
efficient (ratio between the number of photons used for the reaction and the number of 
photons sent). The polymerization depends on multiple factors such as the quantum yield of 
the photo-initiator, the curing kinetics, the temperature and the energy provided by the lamp. 
The most desirable activation source is by using UV rays. Indeed, this method has the 
advantage of being accurate, and the existence of many photo-initiators that are reactive under 
the UV wavelengths of light [20]. 
To summarize, the choice of UV photo-curing is linked to these advantages [21]: 
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 The polymerization reaction is very fast (around a tenth of a second under intensive 
light) compared to thermal curing which often needs several hours to be completely 
finished.  
 The use of UV light provides a better accuracy and higher opportunities for controlling 
the conversion ratio. The reaction is directly associated with the radiation and, as a 
result, if the UV light is turned off, the polymerization can be stopped (radical 
initiator) or slowed down (ionic initiator). 
 The location of curing is controlled by selecting the area of exposure to light.  
 With the variation of the wavelength or the concentration in photo-initiator, it is 
possible to change the penetration depth of the light and so the thickness of the cured 
material. 
 The curing can be done at room temperature, averting the release of polluting vapor.  
A previous attempt at IPN preparation from UV photo-curing was made by Kévin Lefebvre as 
described in his master thesis [22]. He was able to identify two resins (epoxy and acrylate) 
which rapidly cured under a UV lamp, and he studied the possibility of curing both resins at 
the same time. He succeeded in obtaining thermo-stable materials and evidenced the role of 
temperature on the photo-curing, especially in regard to the curing of the epoxy resin. 
Nevertheless, no solid evidence of IPN creation was shown. 
The aim of this project is to prove that it is possible to make an IPN by light-initiated curing 
and to control its composition, thus changing its properties by process design. This study will 
include: 
11 
 
 
1. The design and development of IPN systems with the possibility of control by 
selective curing through light activated photo-curing. 
2. The study of the resulting IPN systems, establishing that the systems produced are 
IPNs that have different and changing properties; and using a number of 
characterization methods to investigate the material properties. These include Fourier 
Transform Infra-Red spectroscopy (FTIR), thermal analysis by Differential Scanning 
Calorimetry and Thermal Gravimetric Analysis (DSC and TGA), nano-mechanical 
analysis by Atomic Force Microscopy (AFM) and mechanical analysis by tensile 
testing and Dynamic Mechanical Analysis (DMA). 
3. The study of the possible ways to achieve material control in RP systems using light 
initiated curing and the study of different molecular systems leading to different 
chemical reactions. 
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Chapter 2: Strategy for IPN design and process 
characterization 
This chapter will focus on designing an IPN that satisfies the needs of this project and 
characterizes the chemical process involved. This includes choosing the molecules that will 
construct the two networks of the IPN and determining what the expected behavior of this 
system will be. In addition, the chemistry and kinetics of the systems selected will be studied. 
2.1. General design considerations for IPN construction 
The properties of an IPN are derived from the type and ratio of the two networks constructing 
the IPN. For this study, a system needs to be developed to build IPNs of vastly different 
mechanical properties. As a result, the strategy is to build IPNs from a mix of one network 
that is soft and tough, and one that is rigid and brittle. With such a system, the ability to get a 
range of IPNs, that span from tough to brittle and from soft to rigid behavior, is expected. 
The characteristics of each network in an IPN depend on the topology of the network. For a 
full IPN, two cross-linked polymer networks are involved. The properties of each network 
depend on the chemical structure of the polymer systems in the network. This relation can be 
very complex. In this study the process of selection will be simplified to finding one network 
that has long polymer units between the cross-links and one that has short polymer units. This, 
respectively, should provide a soft network and a hard network. 
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To construct an IPN two networks need to be cured in the same physical space without one 
chemically bonding to the other. That is, the process of forming the two networks needs to be 
sufficiently different, so as to allow each to independently progress adjacent to the other. 
There are primarily three mechanisms for network formation. Thsee are radical 
polymerization, ionic polymerization and polycondensation. Polycondensation is slow and 
was excluded from consideration because the plan is to use the process in rapid prototyping. 
As a result, we looked for one system that uses radical based and one that uses ionic based 
network construction. 
To use the system for rapid prototyping, it is desirable to find a network formation which is 
fast and controllable. This suggests using photo-curing for both networks. Photo-curing 
processes are done using photo-initiators to start the reactions. The photo-initiators react to 
light to initiate the mechanisms that construct the network. In this project, we selected one 
photo-initiator that creates a radical and one that creates a cation, and found associated 
molecules to interact with them to construct the networks. 
A typical polymer network is constructed from cross-linking polymers (typically oligomers). 
For photo-curing of such a system, one would require a mixture that contained photo-
initiators, cross-linker and oligomers. To simplify the process, the research is focused on 
systems that are constructed simply by connecting cross-linkers, removing the need to add a 
separate polymer to the system. Thus, networks that can be built entirely from mixture of a 
photo-initiator and a cross-linker are evaluated. 
Finally, for the two networks to form in the same physical space so that an interpenetrated 
system is obtained, the components of the initial mixture need to be at least compatible. If the 
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components separate during the curing of the networks, the networks will end up curing in 
separated phases in place of making an IPN. 
2.2. Issues related to radical and cationic polymerization 
Several issues must be considered with respect to the radical and cationic polymerization 
methods selected. 
In general, radicals are short lived while cations are not. As a result, once the light source 
initiating the curing process is turned off, the radical cross-linking is stopped while the 
cationic cross-linking can continue. In the case of cationic cross-linking, this continuation of 
curing is the source of what is known as dark curing (i.e., continuation of curing even after the 
light has been turned off). Typically, dark curing will continue until all the cations that have 
been created by photo-initiation have initiated a reaction with the cross-linker. 
In addition, the cationic photo-initiation process produces radicals as a byproduct that then 
can initiate the radical cross-linking process. As a result, control of the network formation is 
better achieved when the radical photo-initiator is activated first so that this network is 
constructed before the radicals from the cationic photo-initiation are liberated. Even though 
this is not necessarily an issue in general IPN development, it will be an issue when 
attempting to control the extent of network construction in the rapid prototyping machine.  
In general, the radical process is faster than the cationic process. This natural difference in 
curing kinetics will allow using a polychromatic light to construct the two networks in 
sequence, beginning by building the first network based on the radical process and then 
building the second network based on the cationic process. Later, we will need to select 
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photo-initiators that respond over different ranges of the light spectrum so that the light source 
wavelength and power can be used to select which reaction is initiated and the speed and 
extent of network curing. 
Finally, simultaneously constructed IPN networks (SIPNs), where both networks are formed 
at the same time, are known to result in the most homogeneous structures, giving the best 
entanglement of networks and being least sensitive to the problem of phase separation. 
Typically, such systems are mixed and then the polymerization reactions for both resins are 
activated at the same time [23]. As a result, these systems can be simple to create, but the 
kinetics of network formation need to be considered to obtain simultaneous curing. Even 
though not considered here, selection of the wavelength of the light source during curing 
alters the kinetics of photo-curing. This provides a path for obtaining SIPNs by selecting 
wavelengths that favor the slower mechanism and retards the faster mechanism, resulting in 
the two networks forming at approximately the same rate. 
2.3. Selected chemicals 
For each reaction, the choice of the crosslinker and initiator is of importance. The initiator 
must be sensitive to the given light source wavelength while the cured resin has to exhibit 
properties in accordance to the required applications. To create a full IPN, two thermosetting 
resins with very different properties were selected. These were the second set of resins 
selected for evaluation. The first set were developed and studied by Kevin Lefebvre and 
reported in his thesis [22]. 
The system selected constituted of 3,4 epoxycyclohexylmethyl / 3,4 epoxycyclohexane 
carboxylate (ECH, Figure 2.1), which cures according to a cationic mechanism, and 
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Bisphenol A propoxylate diacrylate (BPD, Figure 2.2), which cures by a radical mechanism. 
The work of Kevin Lefebvre indicated the need to select resins for the two components of the 
IPN that are vastly different from each other. Indeed the ECH and BPD selected by Kevin 
Lefebvre exhibited close glass transition temperatures and close mechanical properties. With 
such systems, the identification of the IPN is very difficult as one cannot observe noticeable 
variations of thermal and mechanical properties, even with large variation of network ratios. 
There would also be a problem in RP to obtain a gradient of properties since the possible 
variations will be too low. 
 
Figure 2.1 - 3,4 epoxycyclohexylmethyl / 3,4 epoxycyclohexane carboxylate molecule. 
 
Figure 2.2 - Bisphenol A propoxylatediacrylate. 
Considering the shortcoming of the original selection, in this study resins were selected that 
should result in networks with widely different macroscopic properties. The properties of the 
networks in the systems are controlled by the chemical structure of the cross-linkers. For 
example, a cross-linker for which the reactive functions (i.e. the crossing points) are separated 
by a long chain result in a soft material that has a low glass transition temperature while a 
cross-linker for which the reactive functions are close leads to a hard material with a high 
glass transition temperature. 
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Another important aspect of concern is the reactivity of the cross-linker. This is strongly 
dependent on the reactive functions at the reaction points. For example, the reactivity of ECH 
is significantly higher than the reactivity of the 1,4-Cyclohexanedimethanol diglycidyl ether, 
which is another often-used cross-linker for the creation of cationic networks. As the reaction 
needs to be fast, because the system will be built in rapid prototyping, it was decided to keep 
the faster ECH and explore a mechanism involving a new radical cross-linker. Furthermore, 
this was also motivated since a larger number of radical cross-linkers are commercially 
available. 
The network made only with the ECH cross-linker leads to a hard material with a Young’s 
Modulus of about 2 GPa (obtained from tensile testing). In constructing the chemicals to 
make the IPN, the idea is to mix ECH with a long chain cross-linker that is activated by a 
radical mechanism, and which leads to a very soft network. BPD, as shown above, can be 
obtained with varying chain length. To obtain a soft molecule, a BPD with a molecular weight 
of Mn = 1700 g/mol (corresponding to n = 15) was chosen for the cross-linker. Between the 
high modulus ECH network and the low modulus BPD network, the selection should provide 
the ability to obtain a broader range of properties by selecting different concentration ratios 
for the components of the resulting IPN. 
For the initial work, a polychromatic UV light was used. This source should initiate both 
reactions. Thus both photo-initiators should simultaneously get initiated by the UV radiation. 
In particular, both initiators must have an absorbance that matches the emission of the UV 
lamp. To verify this, the range of absorbance of each initiator can be measured by UV 
spectroscopy.  
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Figure 2.3 shows the UV spectra of the two photo-initiators used by Kevin Lefebvre to cure 
ECH and BPD. The cationic photo-initiator is Triarylsulfonium hexafluoroantimonate and the 
radical photo-initiator is 2-hydroxy-2-methylpropiophenone. 
 
Figure 2.3 - UV photo-initiators spectra. 
Figure 2.4 shows the UV spectrum of the lamp used in the laboratory, the Dymax® 500. Its 
characteristics are presented in the Table 2. 
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Figure 2.4 - UV spectrum of the metal halide polychromatic lamp used. 
Table 2 - UV curing flood lamp specifications [24]. 
Output Power 400 Watts 
UV Light Source Unfiltered UVA flood 
Typical Intensity in the UVA range (320-390 nm
1
) 
Measured three inches from the bottom edge of the 
reflector housing 
225 mW/cm
2
 
Dimensions of Illuminated Area 5" x 5" (12.7 cm x 12.7 cm) 
EC Input Power Requirements Universal 90-265 VAC (grounded), 47-63 Hz 
Reflector Housing Dimensions (approximate) 
6.75" L x 6.75" W x 8" H (17.2 cm x 17.2 cm 
x 20.3 cm) 
As can be seen, the UV spectra absorbed by the photo-initiators and the spectrum of the lamp 
match. This indicates that the UV rays from the lamp are theoretically able to activate the 
photo-initiators, which absorb in the same range. 
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2.4. Curing procedure 
To prepare the IPN, the resins in the desired ratio are poured into a bottle. The smallest 
amount of initiator possible to obtain each reaction is then added (drops). The result is mixed 
with a spatula until it appears homogeneous (around 20 seconds). Since the mixing introduces 
air bubbles, a vacuum is applied to the bottle to remove the air (around 10 to 15min). The 
bottle is then heated to 50°C for 3 minutes to decrease the viscosity of the system and allow 
any remaining air to rise to the surface. This method of preparation, where both resins are 
mixed together when they are still viscous, produces the best degree of entanglement in the 
final material [25]. 
The prepared mixture is then put in a silicon mold, normally in the form of a bar 
(≈ 1 x 0.5 x 7 cm3). The mold is put under a polychromatic lamp at room temperature using an 
N2 gas shield. The N2 gas shields the mixture from interacting with oxygen in the atmosphere. 
Oxygen can react with radicals and stop the radical based cross-linking mechanism. For this 
system, the time of curing under polychromatic lamp is around 3 minutes for the radical 
sample [19] and 10 minutes for the cationic sample. The time selected for curing the epoxy 
resin (cationic component) was longer than the radical curing time, which is consistent with 
observations reported in the literature [26]. In each case, a time for curing was selected that 
was longer than that expected for full curing. This guaranteed the complete curing of the 
resins. 
Once the samples were cured under the polychromatic lamp, they were stored in a plastic bag. 
The air in the bag was removed (as much as possible by hand) to protect the samples from 
interactions with the environment. 
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2.5. Curing mechanism 
2.5.1 Cationic and radical initiators used and their role in the reactions 
The mechanism of activation for the cationic initiator (Triarylsulfonium 
hexafluoroantimonate) is described in Figure 2.5 [27] [28]. 
 
Figure 2.5 - Activation of cationic initiator under UV. 
This reaction is called cationic because the H
+
 proton formed will react with the cross-linker 
and initiate the polymerization. The H
+
 comes from the solvent RH, which in this case is 
propylene carbonate (C4H6O3), shown in Figure 2.6. 
 
Figure 2.6 - Propylene Carbonate. 
For all cationic mechanisms, radicals are created. This fact may be a problem because these 
radicals can simultaneously initiate the radical reaction in the case of a mixture that is based 
on the control of both a radical and a cationic reaction. 
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The triarylsulphonium has the advantage of being one of the most stable cationic initiators. 
Unlike classic initiators, it does not create N2 gas during the polymerization [27]. Moreover, 
the cationic initiators have a long life time, so a dark curing (curing after the discontinuation 
of the light) can appear inside the material [29]. This means that even if the light exposure is 
stopped, the material is able to continue curing. This is because the activated initiator does not 
need additional energy to continue to build the network. 
The mechanism of activation of the radical initiator (2-hydroxy-2-methylpropiophenone or 
DAROCUR 1173) is given in Figure 2.7. 
 
Figure 2.7 - Activation of Radical initiator under UV following the α-cleavage [30]. 
Radical initiators have many advantages [27]: 
 Good absorptivity in the area exposed to the light source 
 Good quantum efficiency of radicals 
 They are transparent 
 They are non-toxic 
 They are odorless 
 They can be handled easily 
 They are cheap 
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Due to their very high reactivity, radicals have a short life time and, as a result, the curing 
reaction is very fast. The material structure does not change very much after UV curing and is 
relatively stable. Without reactive compounds inside the mixture, the network cannot change 
chemically. 
Because of their high sensitivity, radicals are very reactive with oxygen. It is for this reason 
that experiments are done under nitrogen, which is an inert gas. If the photo-initiator reacts 
with oxygen from the atmosphere, it will not be able to initiate the curing reaction. 
2.5.2 Polymerization reaction for the resins 
The curing reaction is explained in Figure 2.8 [31]. 
 
Figure 2.8 - Scheme of polymerization reaction. 
The first step of this process consists of obtaining reactive species (either radicals or ions) by 
irradiation of photo-initiators with UV light. Then, these reactive species react with parts of 
the monomer to link them and form a cross-linked polymer. 
• UV radiation 
• Photoinitiator 
Reactive 
species 
•Multifunctional 
polymer 
•Reactive species 
Polymer radical 
or ion •Polymer radical 
or ion 
•Multifuntional 
polymer 
Crosslinked 
polymer 
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Cationic polymerization 
For the cationic polymerization, after the creation of ions the polymerization of the epoxy 
resin follows the path shown on Figure 2.9 [31]. 
 
Figure 2.9 - Cationic polymerization reaction. 
The cationic initiator uses the H
+
 proton to open the epoxide ring. Then, the positive charge is 
moved along the polymer’s backbone, and the reaction continues for several cross-linkers 
(Figure 2.10). 
 
Figure 2.10 - Chain of the epoxy resin. 
Termination can occur with a solvent, monomer or side reaction, where a molecular 
rearrangement appears between an anion and counterion allowing inactivation of the growing 
chain.  
When the reaction is complete, a three dimensional network is obtained. In this case a hard 
material is created due to the short length between linking nodes. 
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Radical polymerization 
For the acrylate resin, a radical polymerization reaction is observed as is shown in Figure 2.11 
[31]. 
 
Figure 2.11 - Radical polymerization reaction. 
The radical initiator transfers its free radical particle to the polymer’s backbone. Then, the 
backbone is able to be linked with another cross-linker. The network formed has very large 
units because the R represents a long molecule, and the resulting material is thus soft. 
In addition to quantum yield, the efficiency of the polymerization depends on the 
concentration of the photo-initiator, the intensity of the light source which initiates the 
reaction, and the temperature of the resin (which changes the molecular mobility and the 
diffusion during the curing) [32]. 
The resins have neither the same kinetics of curing nor the same activation energy [33]. 
Moreover, the life time of the radical and cation are different. Radicals have very short life 
times because they are very reactive. As a result, one can assume that there are no radicals 
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when the light is turned off. In contrast, cations have a longer life time and can continue to 
exist even after the light source is turned off (what is known as dark curing). This is because 
cations are less reactive and, once activated, can exist and diffuse though the material to react 
at a later time, even after the light source is turned off [29]. 
2.6. Post-curing reaction 
When a polymer is cured under UV, some parts of the system, which are not reacted, may 
remain in the system. This might results from limited ability of diffusion for the remaining 
unreacted components. That is, some of the molecules do not have enough space or sufficient 
energy to find another molecule to react with. Parameters that effect the number of such 
molecules include, for example, temperature and viscosity that relate to the molecular 
mobility of chains and particles, and are often the cause of the final limit of curing [26]. 
For example, when the mixture temperature is low, the diffusion and mobility of particles is 
limited. Once the system begins to cure, the viscosity of the system increases and limits the 
space for the initiator to find a reactive bond to interact with. As a result, the material is not 
able to be further cured, even if it could be further cured under better conditions. Thermal 
post-curing after the initial UV curing can be used to provide sufficient energy to the system 
to allow the finishing of the curing and the stabilization of the material, resulting in better and 
more stable properties [34]. 
As explained in section 2.2, radicals have short lives, whereas cations are active longer and 
continue to exist and initiate the dark curing process. Indeed, the cations can continue to be 
present and reactive inside the sample, and can diffuse to find a reactive bond to cross-link. 
This phenomenon is well known for the epoxy resins and has been studied by Golaz et al. 
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[29]. The radicals do not show this delayed curing as they terminate almost instantaneously 
after the light is turned off. 
To complete the curing and to stabilize the material, it is common to do a thermal post-cure 
on the samples. 
TGA analysis can give an idea of the stability of the sample with the increase of temperature. 
TGA measures the sample mass when it is being heated. It shows whether there is degradation 
of the sample with the rise in the temperature. The TGA tests were done by Lena Butterfield 
at the University of Rouen. Depending on the sample, a post-cure treatment was done on the 
sample after UV curing that included heating the sample to 90°C or 150°C at 1H in a normal 
atmosphere. 
The TGA results are shown in Figure 2.12. The sample analyzed just after UV curing are 
presented on curve a. These show that pure resins (in blue) are more stable in this range of 
temperature. Moreover, a first degradation happens around 100°C. The samples that were 
post-cured at 150°C showed better stability until 200°C. But after 200°C, the acrylate resin 
seems to degrade faster than without post-cure. 
All curves are presented until complete degradation in Figure 2.13. It is clear that the pure 
acrylate resin degrades faster after the post-cure (curves d). It has been shown that the post-
cure has a positive effect for epoxy and a negative effect for the acrylate [26]. Also, a second 
degradation is noted between 400 to 550°C for samples that underwent thermal post-curing 
(curves c). This second step in TGA is often due to the oxidation of the sample during the 
post-cure. Oxygen was present during the thermal treatment, and it possibly reacted with the 
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resins to form peroxides, which degrade after the main degradation. A thermal treatment 
under neutral atmosphere should remove this effect. 
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Figure 2.12 - TGA curves from ambient to 350°C (done by Lena Butterfield). 
a) Samples after UV curing analyzed by TGA; 100/0 is the pure acrylate resin and 
0/100 the pure epoxy resin. 
b) Samples after post-cure treatment at 150°C during 1H analyzed by TGA; 100/0 is 
the pure acrylate resin and 0/100 the pure epoxy resin. 
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Figure 2.13 - TGA curves from ambient to 700°C (done by Lena Butterfield). 
c) Samples after UV curing analyzed by TGA; 100/0 is the pure acrylate resin and 
0/100 the pure epoxy resin. 
d) Samples after post-cure treatment at 150°C during 1H analyzed by TGA; 100/0 is 
the pure acrylate resin and 0/100 the pure epoxy resin. 
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2.7. Study of reaction kinetics by Fourier Transformed Infrared Spectroscopy 
(FTIR) 
Fourier Transformed Infrared Spectroscopy (FTIR) is based on the measurement of the 
absorbed rays by a sample [35]. The chemical structure inside the material can be determined 
from the detection of characteristic vibrations of chemical groups and bonds. 
Principle 
In FTIR, wavelengths between 4000 cm
-1
 and 400 cm
-1
 are used on the sample. When a 
wavelength matches the vibrational energy of the molecule, the energy is absorbed and the 
detector records a decrease of reflected or transmitted intensity. The absorbed energy depends 
on the geometry, and in particular, on the structure of the molecule. The chemical 
composition of a material is determined by matching the FTIR signal to known characteristic 
absorption bands of different groups and bonds. 
 
Figure 2.14 - FTIR principle [36]. 
As shown on the Figure 2.14, the infrared beam is transmitted through the Michelson 
interferometer which can modulate each wavelength from the beam at different frequencies. 
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With a combination of mirrors and semi-transparent mirrors, destructive and constructive 
interferences are produced. The modulated beam is then reflected through the sample, where 
the absorption phenomenon occurs, and then through the detector to be transformed into an 
electrical signal. This signal is then analyzed with Fourier transforms, hence the name of the 
analysis. 
FTIR spectroscopy can scan organic and inorganic materials without destructing them. 
Sample measurement 
 
Figure 2.15 - Nicolet Avatar 360 FT-IR. 
Figure 2.15 shows a picture of the FTIR machine used for the measurements. This instrument 
has a range between 400 to 4000 cm
-1
, and its maximum resolution is 0.5 wavenumbers. A 
Zinc Selenide crystal is used to allow liquid and solid acquisition in reflection. 
For the analysis of liquid samples, the mixtures are stored in glass bottles (which can also 
protect them from UV light). A small drop is deposited on the top of the machine with a clean 
spatula, and then acquisition is started. For solid samples, a small part from the center is cut 
and analyzed in a manner similar to liquid samples. 
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Between each measurement the top of the machine is cleaned with ethanol (which does not 
damage the crystal). 
Calculation of the resin conversion 
It is possible to determine the degree of conversion of the thermosetting resin by real-time 
FTIR [32]. In this method the same part of the resin is measured at different times of curing. 
One can expect to record the creation or disappearance of chemical functions compared to 
non-implicated ones. The ratio between a reference peak and the peak under consideration, 
which normally decreases during the curing, is calculated [26]. 
Protocol of measurement 
FTIR measures properties on thin samples, or films if it is possible. In this case, the sample, 
which was made as explained above, is cut into very thin part and then analyzed. 
The resolution is 4 cm
-1
 in general, and the number of scans were 16 for uncured samples and 
32 for cured samples. The accuracy is better if the number of scans is higher, and it becomes 
easier to distinguish peaks.  
The best way to determine the degree of curing of the resin is to find the peak associated with 
the chemical bond which reacts during the crosslinking. This peak must be compared to a 
reference peak which is a non-reactive chemical group during the process. With the 
normalization of the peaks using the reference, this method provides a quantitative analysis 
measure of the reaction. 
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Reference and conversion peaks for the epoxy resin 
The spectra obtained for the pure epoxy resin before and after UV curing is shown on the 
Figure 2.16. 
 
Figure 2.16 - FTIR spectra for pure epoxy resin before and after UV curing. 
The equivalent spectrum from the literature is shown in Figure 2.17 for a cycloaliphatic epoxy 
[29]. 
 
Figure 2.17 - Epoxy resin FTIR spectrum. 
Before UV curing (sample still liquid) 
After UV polymerization 
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The spectra in the literature matchrs the one obtained by FTIR. In the literature, previous 
researchers have identified four main bands for a qualitative analysis. The 790 and 750 cm
-1
 
bands are ascribed with the epoxy ring. The decreasing of both proves that this group has 
reacted to form the network. Increasing of 1080 and 3450 cm
-1
 bands match the formation of 
hydroxyl groups (R-OH) during the ring-opening reaction. 
 
Figure 2.18 - Cationic crosslinker. 
For the epoxy resin, the bond C=O (shown on Figure 2.18) seems to be a good reference peak 
at 1725 cm
-1
, even if it is far from the peaks associated to the epoxy ring and hydroxyl group. 
It is not reactive to the cationic polymerization, and so the peak’s height is unchanged during 
the chemical reactions. 
Epoxy rings 
Reference bond 
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Figure 2.19 - Analysis of conversion and reference peaks. 
Figure 2.19 shows that both spectra have the reference peak (at 1725 cm
-1
) at the same level 
allowing a qualitative study. As expected, an increasing of intensity is observed for hydroxyl 
group (at 1080 cm
-1
) due to the conversion of the resin. The peak associated with the epoxy 
resin seems to increase after UV curing. It is difficult to fully understand what is happening 
since the signal does not seem to return to the baseline, and the reference peak can be too far 
to allow an accurate analysis. In addition the 790 cm
-1 
and 3450 cm
-1
 peaks were not studied 
since they were not observable. 
Reference and conversion peaks for the epoxy resin 
The spectra obtained for the pure acrylate resin before and after UV curing are shown on 
Figure 2.20. 
Before UV curing (sample still liquid) 
After UV polymerization 
Epoxy ring 
Hydroxyl group 
Reference peak 
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Figure 2.20 - FTIR spectra for pure acrylate resin before and after UV curing. 
From the literature, it is possible to find FTIR spectra (see Figure 2.21) of Acrylate functional 
polydimethylsiloxane [37]. 
 
Figure 2.21 - FTIR spectrum of Acrylate functional polydimethylsiloxane. 
The second spectrum from the literature matches the FTIR analysis of the acrylate resin used, 
only the intensity of peaks has changed. To study the spectrum, the peaks at 1635 cm
-1
 and 
1610 cm
-1
 need to be analyzed [38]. The first correspond to the C=C bond from the vinyl ester 
end groups (see Figure 2.22) and is related to the conversion of the resin. The second is a 
reference peak which normally does not change during the curing. Moreover, it is reported 
that the peak at 946 cm
-1
 correspond to a methacrylate bond (on Figure 2.23) and can also be 
Before UV curing (sample still liquid) 
After UV polymerization 
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analyzed to determine the reaction conversion. But, this last peak is far from the reference 
peak, so it is more accurate to use the 1635 cm
-1
 and 1610 cm
-1
 peaks. 
 
Figure 2.22 - Acrylate resin molecule. 
 
 
Figure 2.23 - Methacrylate chemical group. 
 
Figure 2.24 - Analysis of conversion and reference peaks. 
Vinyl Ester end groups 
Before UV curing (sample still liquid) 
After UV polymerization 
Vinyl ester end group Reference peak 
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On these spectra (Figure 2.24), the peak at 1635 cm
-1
 disappears after UV curing and shows 
good conversion of the resin with reaction of the vinyl ester end group, compared to the non-
cure acrylate resin in blue. 
Analysis of 50/50 composition ratio 
The FTIR analyses of pure resin before and after UV polymerization have allowed identifying 
peaks related to conversion. These peaks are now studied for a mixture of 50/50 of the resins. 
 
Figure 2.25 - Epoxy resin conversion studied by FTIR for 50/50 mixture. 
On Figure 2.25, the peak at 750 cm
-1
 related to the epoxy ring completely disappears after the 
UV curing. 
Reference peak 
Epoxy ring 
Before UV curing (sample still liquid) 
After UV polymerization 
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Figure 2.26 - Acrylate resin conversion studied by FTIR for 50/50 mixture 
On Figure 2.26, the peak at 1635 cm
-1
 related to the vinyl ester end group also completely 
disappears after the UV curing. Thus, the conclusion for this mixture is that both resins are 
fully cured after the UV exposure. The presence of non-cured compounds is not identified. 
We expect the best possible properties for this system due to complete network formation.  
No new peaks, other than those previously observed in the pure resins, were noticed in the 
mixture. On the other hand, it is difficult to do an accurate quantitative analysis based on the 
degree of conversion of each resin. For instance, the peak related to the epoxy ring does not 
return to the baseline and it is a mixed with narrow peaks. Other techniques such as real time 
FTIR are more accurate for studying the degree of conversion. Indeed, this technique allows 
studying the same area during the polymerization and a reference peak is not necessary. But 
the difficulty is to expose the sample to UV under N2 atmosphere during spectra recording. 
 
Reference peak 
Vinyl ester bond 
Before UV curing (sample still liquid) 
After UV polymerization 
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To conclude this chapter, the protocol proposed for IPN design was successful in curing two 
different resins in the same sample. TGA curves have shown that the sample stability is better 
after thermal treatment under neutral atmosphere. The FTIR spectra have allowed identifying 
the reactive bond peaks, which can be later studied for the mixtures. The full characterization 
of the IPNs constructed from these components will be described in the following chapter. 
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Chapter 3: Evidence of the IPN development 
This chapter is focused on the verification that the protocol developed and the samples 
made were true IPNs. For this determination, samples with different ratios of acrylate and 
epoxy were produced and characterized using Atomic Force Microscopy (AFM), Fourier-
Transform Infra-Red spectroscopy (FTIR), and Differential Scanning Calorimetry (DSC), and 
mechanical testing. AFM analysis provides a visible picture of phase separation through 
surface topography and phase angle shifts. FTIR provides a method for identifying the bonds 
in the system. DSC analysis provides the thermal response of the material indicating whether 
the system is responding as one integrated system or two separate systems. Finally, 
mechanical tests indicate whether the there are any weak surfaces of interaction, characteristic 
of phase separation, partial phase separation, or flaw formation. 
3.1. Samples and sample preparation 
Figure 3.1 shows the series of samples produced for the following characterization. These 
samples were obtained by photo-curing of the initial mixture of the photo-initiators and cross-
linkers under a polychromatic light source and in an N2 atmosphere. Liquid resins and mixture 
of resins, associated with their respective photo-initiators, were put in the mold. The mold was 
put under a polychromatic UV lamp. The image shown in the figure was obtained just after 
curing of the system under the polychromatic light and removal of the samples from the mold. 
The samples indicate that the systems were completely cured. All samples looked solid. After 
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removal from the mold, the dimensions of the samples remained approximately constant and 
approximately identical to the size of the mold. Each sample was approximately 
7 x 30 x 5 mm
3
. 
 
Figure 3.1 - Images of samples with different acrylate/epoxy ratios obtained according to the curing 
process described in Section 2.4. 
The compositions are A = 100% acrylate resin, B = 90/10 (acrylate/epoxy), C = 80/20, D = 70/30, E = 60/40, 
F = 50/50, G = 40/60, H = 30/70, I = 20/80, J = 10/90 and K = 100% epoxy resin 
Direct observation of the samples shows a lack of bubbles, a yellow color as expected for 
samples containing only epoxy resin, and the samples seem very homogeneous. The yellow 
color is the result of the addition of the cationic photo-initiator which is yellow. Noticeable 
shrinkage is only observed for the pure epoxy resin sample that has a sample size that is 
slightly smaller than the mold size. The expected percentage of volume change has been 
modeled by Fan et al. [39] and shows a volume change of around 15% at room temperature 
and of 22% for 225°C. From these initial observations, it seems possible to get a solid photo-
cured sample using a polychromatic light source. In particular, this light source seems to cure 
this blend of two thermosetting resins and associated photo-initiators. 
3.2. AFM microscopy to identify phase separation 
Figure 3.2 to Figure 3.4 show AFM images obtained in the tapping mode from the cross-
section of the samples obtained by cryo-cracking (freezing in liquid Nitrogen and then 
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cracked). These images were obtained by Wenlong Li (from the MME Department of the 
University of Nebraska-Lincoln). In each case, the figure on the left provides the topography 
(height) and the figure on the right provides the phase angle (an indication of the rigidity). A 
bright point in each image indicates a high value while a dark point indicates a low value. 
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Figure 3.2 - AFM pictures for pure resins. 
 
a) AFM picture of the bulk of the pure Acrylate resin on 4 µm², Z range 100 nm for the 
height and 50° for the phase. 
 
b) AFM picture of the pure Epoxy resin on 1 µm², Z range 30 nm for the height and 20° 
for the phase. 
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Figure 3.2 a) shows the surface after curing of the pure Acrylate sample and Figure 3.2 b) 
shows the surface of the pure Epoxy sample. These figures should be used as references when 
considering the images obtained of the mixtures. The pure Acrylate system shows a fairly 
smooth variation of topography with continuous variation of properties that are closely 
correlated. This indicates a fairly homogenous sample at the micron scale. The pure Epoxy 
shows smaller variation of both surface topography and phase angle, yet the phase changes 
are much more abrupt. The average change of phase angle observed in the Acrylate is 4.8° 
while that observed in the Epoxy is 7.3°, indicating that the variation in properties is small in 
both cases.  
Figure 3.3 and Figure 3.4 show the cross-section of the samples cured from mixtures of 
acrylate and epoxy. These are the samples that were built from 80/20, 50/50 and 20/80 
mixtures of acrylate/epoxy. All these mixtures showed variation in topology and phase angle 
similar to that of the pure systems. The 80/20 (acrylate/epoxy) sample has a phase difference 
of 4.8°, whereas the 50/50 has 6.9° and the 20/80 sample has 4.7°, all similar to the pure 
systems. Thus, the mixtures show identical variation in phase angle as the pure systems. A 
point to note in the phase angle plots is the appearance of very bright spots that correlate with 
high points in the samples. Such points in the phase angle figure are normally ignored since 
they result from indenter twisting, and are possibly not related to the behavior of the material. 
The AFM figures indicate that the cured mixtures are fairly uniform (homogeneous). 
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Figure 3.3 - AFM pictures for 80/20 and 50/50 composition ratios. 
 
c) AFM picture of the 80/20 (Acrylate/Epoxy resins) on 1 µm², Z range 20 nm for the height and 
35° for the phase. 
 
d) AFM picture of the 50/50 (Acrylate/Epoxy resins) on 4 µm², Z range 300 nm for the height 
and 100° for the phase. 
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Figure 3.4 - AFM picture for 20/80 composition ratio. 
Evaluation of the AFM figures indicates that no phase separation is observed in the mixtures 
[40]. This is best seen when looking at an example of phase separation. This is shown in 
Figure 3.5 for the phase separation of nanometer films of ternary polymer blends (deuterated 
polystyrene dPS, poly(2-vinylpyridine) PVP and poly(methyl methatcrylate) PMMA). In this 
figure you see images from normal (AFM, picture a) and lateral force microscopy (LFM, 
picture b) of polymer blends from M. Szymonski et al. [41] that are obtained (simultaneously) 
on a thin layer of PMMA/dPS/PVP polymer blend. Cross sections (P) made in AFM and LFM 
images are presented in (c) and (d) respectively. Black, gray and white colors in LFM image 
correspond to regions rich in PVP, PMMA and dPS polymers. 
 
AFM picture of the 20/80 (Acrylate/Epoxy resins) on 1 µm², Z range 120 nm for the height and 80° 
for the phase 
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Figure 3.5 - Example of a phase separated polymeric system observed by AFM, from [41]. 
The variation of properties observed in the AFM might indicate the path taken during curing. 
As the reactions are started from photo-initiators linking crosslinkers, they might induce 
points of initiation of the curing that expand to build small domains of variation. Since there 
are many points of initiation, these domains might interact in a way that makes them defuse. 
That is, a material that has approximately the same composition is observed, but is initiated 
from different points. These would give a kind of granular structure as observed. 
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3.3. Infrared spectroscopy to identify possible chemical interactions between 
networks 
FTIR provides a method for identifying the chemical bonds and units present it the chemical 
structure. This method can be used to identify whether any new bonds or units have been 
constructed during the curing of the mixtures. In particular, the goal is to identify whether 
there are bonds or units that are not present in the pure networks, as they would indicate s that 
more than a simple IPN mix of two networks is obtained. Figure 3.6 shows the spectra of the 
individual pure acrylate and epoxy networks. For these systems, each band in the spectrum 
has been identified and reported in Table 3. The FTIR spectra for the mixtures of acrylate and 
epoxy are shown on the Figure 3.7, with the characteristic peaks of the spectra identified in 
Figure 3.8 and Figure 3.9. The spectra, obtained for the pure acrylate and pure epoxy, are 
consistent with those reported by others in the literature [29] [37] [42]. In particular, each 
spectrum contains characteristic absorption bands of the system, such as the methacrylate 
band at 947 cm
-1
 for the acrylate resin and epoxide bands at 798 and 915 cm
-1
 for the epoxy 
resin. 
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Figure 3.6 - FTIR spectrum of Epoxy (top, 32 scans and resolution of 4 cm
-1
) and Acrylate resin (bottom, 
32 scans and resolution of 1 cm
-1
). 
 
Table 3 - Table of FTIR spectrum peaks observed for the pure resin. The index “***” indicate that this 
band is observe on some mixture and not for the network alones. 
Peak (cm
-1
) Chemical bonds Resin 
3494 Alkanes C-H Epoxy 
2929 Alkanes CH2 Epoxy 
2865 Alkanes CH3 Acrylate & Epoxy 
2359 Hydrochloride OH Epoxy 
1780*** Peroxides C=O **** Acrylate & Epoxy 
1725 Aliphatic C=O Acrylate & Epoxy 
1509 Carboxylic anions C=O Acrylate 
1452 Carboxylic acid OH Acrylate 
1359 Alcohol OH Acrylate & Epoxy 
1247 Epoxides CO Acrylate & Epoxy 
1152 Alcohol OH Epoxy 
1095 Hydroxyl OH Acrylate & Epoxy 
947 Methacrylate RC=CH2 Acrylate 
915 Epoxides CO Epoxy 
Wavelength (cm
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) 
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b
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%
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%
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857 Allenes =CH2 Epoxy 
831 Alkenes CH Acrylate 
798 Epoxides CO Epoxy 
746 Alcohol OH Acrylate 
640 Alkynes RC-CH Acrylate 
 
For the most part, the FTIR results indicate that there are no new chemical units constructed, 
other than those existing in the pure networks. The majority of the FTIR signals, including 
both the pure systems and the mixtures, are shown in Figure 3.7. The figure shows that the 
signal from the mixtures show peaks from both the acrylate and epoxy resins. No new peaks, 
other than those seen in the pure resins, are observed in the FTIR signals for the mixtures. 
This indicates no new bonds forming, other than those expected for an IPN. The dominance of 
the acrylate’s peaks is noted for samples containing a majority of this resin in the mix. 
 
Figure 3.7 - FTIR spectrum of pure epoxy, 30/70, 40/60, 50/50, 60/40, 70/30, 90/10 (Acrylate/Epoxy) and 
pure acrylate resin, for 32 scans and a resolution of 4 cm
-1
. 
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90/10 (A/E) 
Acrylate resin 
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Figure 3.8 shows the FTIR for the mixtures 10/90, 20/80 and 80/20 after photo-curing. The 
FTIR signals of these mixtures indicate the appearance of a peak at approximately 1780 cm
-1
 
that does not appear in the pure resins, also shown on the figure. 
 
 
Figure 3.8 - FTIR spectrum of pure epoxy, 10/90, 20/80, 80/20 (Acrylate/Epoxy) and pure acrylate resin, 
for 32 scans and a resolution of 4 cm
-1
, 
 
Figure 3.9 - Zoom of the Figure 3.8 between 2000 and 1200 cm
-1
. 
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Figure 3.9 shows an expansion of the area around the peak at 1780 cm
-1
. This peak occurs 
both at the high and low content of acrylate and is close to the 1725 cm
-1
 peak corresponding 
to the C=O stretching bond vibration, which exists in both pure acrylate and epoxy resins. 
Cervantes-Uc et al. [43] have also observed the appearance of this shoulder at 1780 cm
-1
. 
They attributed it to the carboxylic acids, yet a peak at 1728 cm
-1
 can correspond to the 
presence of ester group (as shown on the Figure 3.10). 
 
Figure 3.10 - Difference between carboxylic acid and ester group. 
Ester groups are present in both resin structures, approximately in the middle of the chains. 
This can indicate that the backbone of some crosslinkers is broken during the polymerization 
reaction. Yet, this is not a feature in most mixtures. 
Thus, in addition to the observations done by means of optical, AFM showing that the 
mixtures exhibit no evidence of phase separation, the FTIR data shows that the chemical 
makeup of the mixtures are close to ideal simple blends of the two photo-cured reins, with 
perhaps some modifications of the C=O stretching bond vibration. 
Carboxylic acid Ester 
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3.4. DSC analysis showing the well mixing of resins 
DSC analysis studies the thermal behavior of a sample by measuring the effects of heat on 
increasing the material’s temperature. Samples that are made from homogeneous mixtures at 
the molecular level should show a single glass transition, normally some place between the 
pure components, while samples are phase separate during curing typically show two separate 
glass transitions, with values close to those of the pure mixtures. 
The DSC signal allows observing the transition from the glassy state, fragile and strong, to the 
rubbery state, ductile and soft. This phenomenon is called the glass transition, and the 
temperature associated with this transition is called the glass transition temperature. The glass 
transition temperature (Tg) is a characteristic of the amorphous phase of a polymer. When 
there are two distinct phases in a sample, one observes two glass transitions on the DSC 
thermogram of the system (i.e., one Tg for each amorphous phase). 
The DSC tests were done by Lena Butterfield. Two heating runs in the DSC were performed 
on each sample. The first heating was used to remove any thermal history and check for 
incomplete curing. The second heating was used to evaluate the characteristics of the glass 
transition.  
The purpose of the tests was to see if each network can express its own thermal characteristic 
separately, or, as expected for an IPN, the mixtures show a single glass transition. In 
particular, if only one Tg, is observed then it indicates that the degree of entanglement of the 
network is high. This would confirm the results from AFM experiments that indicated no 
clear phase separation. 
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Figure 3.11 shows a typical DSC curve. This is for 80/20 acrylate to epoxy composition and is 
representative of the other curves obtained. As can be seen, the first run shows no noticeable 
exothermic curing, indicating that the networks are completed. The second heating shows 
only one Tg value. This indicates that the components of the mixture are so closely interacting 
that they cannot express themselves independently, thus showing only one transition. 
 
Figure 3.11 - Typical DSC thermogram (80/20 composition ratio of acrylate to epoxy). 
Figure 3.12. shows the glass transition temperature Tg for all the samples. In each case, only 
one Tg was observed. This Tg was between the Tg of the pure acrylate and pure epoxy 
networks. This indicates that the systems were fully mixed and curing resulted in two 
networks that were very closely interacting. 
First run 
Second run 
Tg 
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These results confirmed what was observed by AFM, but in this case related to the molecular 
level interactions. In particular, Gomez Ribelles et al. [44] have shown that a single glass 
transition is observed for homogeneous IPNs. They have also observed the non-linearity of 
the Tg in relation to the composition ratio. They have assumed that this phenomenon is due to 
the temperature dependence of the length of cooperativity inside the networks. This has the 
effect of giving lower glass transition temperature in comparison to those expected from 
simple averaging using the composition ratio. 
It has been noticed that the thermal properties increases when the amount of epoxy resin is 
higher. This result is logical because the Tg of the epoxy is much higher than the acrylate. 
This also indicates that at room temperature, the acrylate resin is rubbery, and therefore, soft, 
Epoxy 
Figure 3.12 - Summarization of Tg values for all composition analyzed by DSC. 
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whereas the epoxy is glassy, which would indicate it is hard. The following tensile testing 
shows the effect of composition ratio on the mechanical properties. 
3.5. Mechanical tests show the effect of composition ratio on tensile properties 
The mechanical properties of the systems were evaluated using tensile testing. This provides 
information such as initial Young’s modulus, ultimate stress and strain. In particular, strain at 
fracture indicates how well the molecules are interpenetrating each other. This is because 
failure happens at the weakest points of a body, which makes systems that are separated into 
phases with weak domain boundaries more susceptible to fracture than systems that are well 
defused.  
The mechanical tests were done by Wenlong Li. Three samples, in a regular bar form, were 
analyzed for each point seen on Figure 3.13. This number is too small to use in an accurate 
statistical analysis on the properties at failure. In particular, the values of stress and strain at 
failure provide the global trend, but are not accurate enough to discern significant variation. 
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Figure 3.13 - Young's modulus, stress at failure and strain at failure as a function of composition ratios. 
As one can see in Figure 3.13, the Young’s modulus and the stress at failure have similar 
monotonic behavior; whereas the strain at failure follows a maximum. The change in Young’s 
modulus confirms that the samples become harder with the increase of epoxy content and 
softer with the increase of acrylate content. On the other hand, the strain at failure shows that 
the pure acrylate sample is more deformable than the epoxy. These results are consistent with 
that expected from an IPN made of the two pure resins, and confirms that the proposed 
procedure can, for the most part, create samples with any mechanical properties between 
those of the soft acrylate and hard epoxy. 
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Chapter 4: From controllable IPN to gradient 
material 
This chapter looks at how a body can be constructed with a controllable gradient of 
material properties. In particular, the chapter discusses how one can use what was learned 
from constructing an IPN to design a processing method that can produce different IPNs from 
the same starting ingredients.  
An IPN material is constructed by curing two polymer networks in one space such that 
they are entangled. Theoretically, a difference of the starting composition ratio in the mixture 
used to construct the IPN will result in a change in structure and resulting properties of the 
IPN as shown on the Figure 4.1. 
 
Figure 4.1 - IPN structure for different composition ratio of polymer components. 
The natural way to control the properties of an IPN is to select the ratio of the two networks 
present in the final structure. This can be achieved by selecting the initial ratio of the two 
resins, controlling the total amount of each network that can be constructed, and thus 
20/80 50/50 80/20 
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controlling the ratio of the two networks in the cured system. The change in properties with 
the ratio of networks comes from both the simple composite action, which directly follows 
from the fraction of each component, and from molecular interaction between the two 
structures. Thus, controlling the final ratio of the two networks in an IPN provides one way of 
controlling the properties of the IPN. This path provides a way to start from the same building 
blocks, same initial resins, to achieve IPNs with different properties. This idea will be used to 
construct a gradient material. 
The process of building the IPN can be used as a solution to manufacturing a controllable 
gradient material. To use an IPN to construct a graded material, a way to change the 
properties of the IPN in space is needed. This can be done if the ratio can change in the IPN 
networks. To make this variation of properties controllable, the control of this ratio needs to 
be done spatially. The process of constructing an IPN provides ways to obtain this control. 
The initial resin ratio, the curing process, and its termination will be used to construct a 
strategy to get control on the properties of the IPN so that one may use it to construct a 
controlled graded material.  
The strategy studied here, is based on starting with one mixture and combining controlled 
curing and component removal to achieve IPN systems with different properties. This would 
allow starting with a single mixture and then obtaining a gradient of properties controlled by 
the curing process.  
It has already been shown that the ratio of acrylate to epoxy in the IPN constructed provides a 
way to obtain a large variation of properties. The acrylate resin with a low Tg is soft (Room 
temperature Young’s modulus around 12 MPa) whereas the epoxy with a much higher Tg is 
harder (Room temperature Young’s modulus around 3500 MPa) and the different IPNs show 
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properties between these two limits. Thus, an acrylate/epoxy system such as that currently 
developed can provide a broad range of properties spanning over two orders of magnitude in 
rigidity, and similar variations in other properties. The variation in space of fraction of 
acrylate/apoxy network, as shown in Figure 4.2, can then be used to obtain a material that is 
soft on one end and hard on the other. Thus, the key to obtaining a gradient of properties as 
shown is to build a method of controlling the composition of two networks in space. 
 
Figure 4.2 - Construction of graded material. 
The main issue with the proposed strategy for obtaining a grading in the rapid prototyping 
system is that the gradient material must be made from a single initial mixture with fixed 
composition ratio. Thus, the key question is how to obtain different properties from one 
mixture. It is theoretically possible, by controlling the extent of curing of each network, to 
obtain IPN systems with different network ratios, and, thus, materials with different 
properties. This can be achieved, for example, by tuning the kinetics of photo-curing of each 
resin using the UV light characteristics (wavelength and power). Nevertheless, as previously 
explained, the photo-curing is followed by thermal post-curing to stabilize the material. As a 
consequence, the thermal post-curing will complete any partially cured networks (thus the 
conversion ratio for each network will be close to 100%). This would undo any controlled 
differences introduced in the photo-curing stage. To prevent this effect, the proposal is to 
Acrylate 
resin 
asing Epoxy amount in the sample 
Increasing hardness 
asing Epoxy amount in the sample 
Increasing ratio of epoxy resin in the sample 
Epoxy 
resin 
50/50 
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remove the non-cured crosslinkers remaining after photo-curing by means of organic solvents. 
This would allow stabilization of the systems by thermal post-curing without substantially 
changing the ratio of the cured networks. 
This chapter will be divided into two main parts. In the first part, the curing kinetics of the 
two networks will be studied to decide how the networks are constructed and how the 
conversion can be controlled. In the second part, we will study how to remove the remaining 
excess crosslinkers after the initial photo-curing is complete. 
4.1. Conversion ratio control 
In this section the kinetics of network formation by photo-curing for the two resins used will 
be studied. Previously, the photo-initiators selected were studied, and it was noted that they 
both initiate reactions over the same UV spectrum. To increase the control of the individual 
networks, selected photo-initiators that are initiated over different ranges of the UV spectrum 
were identified. This does not change the IPN properties, but does provide an additional 
component of curing control through selecting the wavelength of the UV light used. 
4.1.1 Problem of photo-initiator selectivity 
It was shown in the previous chapter that the initiation of the cationic photo-initiator creates 
radicals. This is a feature to note since the initiation of the cationic polymerization induces 
radicals that initiate the radical polymerization. Since we chose to build one network by 
cationic polymerization and the other by radical polymerization, we need to keep in mid that 
the radical polymerization might be initiated when the cationic polymerization starts. So the 
question is: may the radicals from the cationic reaction cure the acrylate resin? A preliminary 
64 
 
 
picture of the possibilities is obtained by studying the curing of the pure epoxy and acrylate 
resins in the cationic and radical photo-initiators. The results of this study are summarized in 
the Table 4. 
Table 4 - Curing of pure resins using either initiator (under polychromatic lamp and N2, 
at 20°C). 
 Epoxy resin Acrylate resin 
Cationic photo-initiator Totally cured after 140 s Totally cured after 10 min 
Radical photo-initiator Not cured Totally cured after 10 s 
These experiments used the proposed cationic and radical photo-initiators mixed either with 
the epoxy or acrylate resins, and cured at room temperature with a polychromatic lamp under 
nitrogen gas. The results indicate that the radicals from the cationic reaction can initiate the 
curing of the acrylate resin proving that the cationic photo-initiator is not selective. That is, 
the cationic reaction also creates radicals resulting in the curing of the acrylate in addition to 
the epoxy. This was also observed and noted to be important consideration by Lecamp et al. 
[26]. 
Given these results, a solution to controlling the extent of curing might be to fully construct 
the acrylate network using the radial polymerization first, and then constructing different 
amounts of the epoxy network by controlling the extent of cationic polymerization. This is 
possible since once completed, the radicals created when curing the epoxy network will not 
induce any acrylate network formation. 
To create the acrylate network first and then the epoxy network, each mechanism needs to be 
initiated separately. This requires that it be possible to activate the radical polymerization 
without activating the cationic polymerization. That is, a control over the photo-initiators is 
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needed so initiators can be photo-initiated separately. This can be achieved if the initiators 
react to light at different wavelengths (over different ranges of the light spectrum) so that the 
curing can be controlled by using the wavelength of the light used to activate the photo-
initiators.  
Thus, to achieve control over the extent of formation of the two networks, control over 
activating the photo-initiators is essential. As seen in the spectra shown in Figure 2.3, the 
current initiators are able to absorb light and initiate reactions, over the same range of the 
spectrum. This might be a problem since it will not be possible to initiate one photo-initiator 
independently of the other. As will be shown in the next section, the natural kinetics (speed of 
reaction) of the current systems might be used to obtain partial control over the process. 
4.1.2 Study of curing kinetics 
The understanding of the kinetics of each transformation is important since the time it takes to 
transform each component may be used to control the curing of each network. In addition, 
Suthar et al. [13] have shown that the best properties can be obtained for fast curing reaction 
of both resins, and resins with closer rates of polymerization. Moreover, such curing can 
result in SIPNs that normally have more homogeneous properties. In 1974, Touhsaent et al. 
[14] studied constructing epoxy/acrylic IPNs with simultaneously formed networks (SIPN). 
They have shown that the best properties are obtained for fast curing and close kinetics of the 
curing networks inside the mixture. For reference, Nowers et al. [9] have provided a complete 
summary on “The effect of interpenetrating polymer network formation on polymerization 
kinetics in an epoxy-acrylate system.” 
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There are many reasons to study the kinetics of the formation of these networks. It has been 
shown that the IPN formation kinetics has an influence on the miscibility and even the 
morphology of the mixture [45]. Also, it has been reported that not only the phase separation 
is sensitive to the kinetics [13], but also the viscosity [9]. Thus, to optimize the process and 
obtain the best properties from the IPN structure, knowledge of the kinetics of curing can 
help. Another possible benefit of studying the reaction kinetics and trying to tune them is the 
possibility to construct an SIN structure in preference to a simple IPN. For the morphology, it 
is also shown that the more spherical the structure, the better are the mechanical properties 
[14]. Checking the morphology of the cured system can give an idea of the kinetic of the 
resins as the more spherical are the domain, the closer are the kinetics. 
According to work from Lecamp et al. [26], it is well known that the acrylate resin cures 
faster than the epoxy resin. This difference of reaction rates can play a role in the properties 
and the mechanical behavior [9]. Indeed, if the kinetic reactions are different, then the 
structure obtained will be SIPN, whereas if the reactions are happening in the same time, the 
structure will be an SIN, with possibly better general properties. 
To understand the curing kinetics, the curing of the pure epoxy and acrylate resins under 
polychromatic UV light were first studied by holding the samples for different durations as 
shown in Figure 4.3. 
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Figure 4.3 - Curing of Epoxy (on left) and Acrylate (on right) resins for different times of UV exposure (5, 
10, 20, 50, 80, 110 and 140 s). 
The results of this experiment are summarized in the Table 5. 
Table 5 - General characteristics of the kinetic of curing the pure resins under polychromatic UV light. 
UV exposure 
time 
Pure Radical Resin Pure Cationic Resin 
5 s Partially cured Not cured 
10 s Cured 
Viscous, small amounts of solid 
resin 
20 s Cured Viscous, more solid resin  
50 s Cured Thin layer on the surface 
Totally cured 
Not cured 
Cured 
Begin to cure 
68 
 
 
80 s Cured Larger layer 
110 s Cured Partially cured 
140 s Cured Totally cured 
The experiment shows that the radical polymerization is faster than the cationic one. The 
acrylate resin is totally cured after only 10 s whereas the epoxy is cured after 140 s. This 
offers a wide window to cure one network before the other, even if both initiations are 
initiated simultaneously. It has been shown that if one phase is cured before the other, the 
formation of the first phase influences the properties of the second phase. It has also been 
shown that the simultaneous curing of the two resins can reveal both synergic and antagonist 
behavior [9] [46] [47]. For example, in this case, the epoxy resin seems to play the role of 
plasticizer for the acrylate which reaches a higher degree final conversion. On the other hand, 
in this case, the epoxy resin has a lower degree of conversion. Indeed, the acrylate is formed 
faster and limits the mobility and the formation of epoxy’s network inside the material. 
Several techniques are used in the literature to study the kinetics of network formation, such 
as photo-DSC [9], real time FTIR [47], Raman and NMR (nuclear magnetic resonance) [48] 
and the gelation time measurement of resins [14] [49]. It has also been shown that the kinetics 
of curing in the acrylate resin can change when adding peroxides. This is one way to get the 
same curing rate for both resins. Obviously, there are many ways to control the conversion 
rate for the system under consideration. 
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4.2. Controlling properties by partial curing followed by removing uncured resins 
using a solvent 
One way to control the ratio of the two networks in the IPN is to partially cure one or both 
networks and then remove any remaining unreacted components. From what was seen in the 
previous section, the natural difference between the curing kinetics of the acrylate and epoxy 
components allow for fully curing the acrylate before curing the epoxy. Since the curing of 
the acrylate system is so much faster than the epoxy, acrylate resin can be easily fully cured 
while only partially curing the epoxy resin. This can be done under polychromatic UV light 
simply by controlling exposure time. Since the cationic reaction will not terminate, even 
though it will slow down, any uncured components will be removed from the mixture. 
Otherwise, since the epoxy is not fully cured, the cationic reaction will continue after the 
exposure to the UV is stopped (a process known as the dark curing effect). The dark curing 
corresponds to polymerization reactions which continue without light. The appearance of dark 
curing in the cationic polymerization is because the cations created to initiate the 
polymerization have a long life time compared with radicals and so non-reacted cations can 
continue the polymerization until the full termination reaction. 
To limit or stop the dark curing effect, the non-reacted crosslinkers inside the sample need to 
be removed. The easiest way to do this is to use a solvent to remove these components. The 
solvent is a small molecule with polarity allowing it to deeply penetrate the sample and 
remove the non-reacted crosslinker. Moreover, the solvent used should not be destructive to 
the already formed networks; otherwise, during the removing process the sample might be 
destroyed. 
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To study the validity of this solution for controlling the system we are studying, the following 
experiments were conducted. For this study the following compounds and photo-initiators are 
used: 
 Epoxy resin: 3,4 epoxycyclohexylmethyl 3,4 epoxycyclohexane carboxylate  
 Acrylate resin: Bisphenol A ethoxylate dimethacrylate 
 Cationic photo-initiator: Triarylsulfonium hexafluoroantimonate  
 Radical photo-initiator: 2-hydroxy-2-methylpropiophenone 
The curing was done at room temperature (20°C) under a polychromatic UV lamp with N2 
atmosphere shielding. The time of light exposure was selected using the previous results. 
These were: 
 10 s (only the acrylate resin is cured) 
 80 s (the epoxy resin is partially cured) 
 140 s (both resins are theoretically cured) 
 300 s (both resins have the time to totally complete their curing) 
Right after the UV curing, the samples were rinsed with acetone or immersed in an acetone 
bath during 30 min and then dried in ambient air, as shown on the Figure 4.4. 
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Figure 4.4 - Difference between rinsed (left) and immersed (right) samples in acetone for 10, 80, 140 & 
300 s (up and down). 
The figure shows that immersing the samples in acetone induces extensive cracking of the 
sample. These cracks appear during the evaporation step indicating the possibility of reducing 
such failure by controlling the evaporation process.  
Acetone is the most common solvent used in chemistry. It is generally used for its cleaning 
properties (it can easily remove dust and rapidly evaporates). It also has a small molecule 
(3.08 Å) which can deeply penetrate into the network. In addition, acetone is a very polar 
molecule (due to its ketone group, shown on Figure 4.5) and can dissolve the crosslinker. 
These features and our observation, even after trying to control the evaporation rate, 
suggested that a different solvent needs to be used. 
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Figure 4.5 - Acetone molecule. 
The tertahydrofuran (THF), shown in Figure 4.6, is another commonly used solvent in 
chemistry. THF has less polarity than acetone. It is also a small molecule and has a low 
boiling point (66°C; 56°C for acetone). 
 
Figure 4.6 - THF molecule. 
Using THF, as shown in Figure 4.7, indicates that fracture occurring after immersion and 
evaporation in THF is less than that seen for acetone for a sample cured for 80 s and then 
immersed during 30 min in the solvent. 
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Figure 4.7 - Samples rinsed in acetone, immersed in acetone and immersed in THF. 
A study of the solubility was made for using both solvents with the epoxy cross-linker. The 
smaller amount of cracking for the THF can be due to less interaction with non-cured 
compounds (epoxy resin). The determination of solubility of polymeric resin in solvent was 
done with the method of Hoy. The following describes how one makes this calculation. There 
exist tables that provide the needed parameters for each molecular bond (Ft,I ((MJ/m
3)1/2/mol), 
Fp,i ((MJ/m
3)1/2/mol), Vi (cm
3
/mol) and ΔT; respectively molar attraction, polar contribution, 
molar volume of the molecule and the Lyndersen correction of the non-ideal solvent fitting 
parameter). The other parameters, such as the molecular aggregation number α, the base value 
B and the number of repeating units per effective chain segment of the polymer n are used for 
determining the solubility parameters. 
  
      
 
 
      
   
   
  
 
74 
 
 
Knowing these values for each bond allows calculating the equations: 
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Where    is the total solubility parameter;    is the contribution of dispersion forces;    is the 
contribution of polar forces; and    is the contribution of hydrogen bonding. The last three 
values, calculated for each resin and each solvent, allow estimating the solubility of the resin 
in the solvent using the equation: 
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Table 6 shows the results of this calculation for the solubility of the epoxy and acrylate in 
acetone and THF. 
Table 6 - Estimation of solubility of resins in solvent. 
 Acetone THF 
Epoxy resin 7,96 (MJ/m
3
)
1/2
 6,79 (MJ/m
3
)
1/2
 
Acrylate resin 9,59 (MJ/m
3
)
1/2
 9,31 (MJ/m
3
)
1/2
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The book of Te Nijenhuis et al. [50] indicates that smaller values of    (values around 
5 (MJ/m
3
)
1/2
) correspond to good solubility of polymer in solvent. From the results in the 
table, it seems that THF is a better solvent for the epoxy than acetone. Even though this is 
true, the solubility values are not optimum, a possible reason for the cracking and crazing 
observed [51]. 
Next we looked at the question of whether the cracking can completely be removed. Figure 
4.8 shows the results of this effort. The experiments were focused on the THF solvent. The 
same system used before was studied (UV curing for 80 s and immersion in THF for 30 min). 
In this case, the thickness of the sample was less, allowing a good solvent penetration. Since 
the cracking offered during evaporation after immersion, the study considered several 
conditions during the evaporation process. These were: 
1) Evaporation done in ambient air (initial process) 
2) Evaporation done in a closed beaker  
3) Evaporation done in a closed beaker with its atmosphere saturated in THF 
 
Figure 4.8 - Samples with different evaporating rate for the THF solvent. 
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From the results of these experiments, it can be concluded that the cracking is caused by high 
evaporation rates. Both experiments done in closed beakers give samples with less cracking. 
Thus, immersing the sample in THF followed by solvent evaporation in a saturated container 
provides a possible method to remove the remaining epoxy without damaging the sample. 
Even though we identified a method to use a solvent to remove the uncured epoxy, we still 
need to verify if it can do this for a part made in rapid prototyping as the parts might be much 
thicker. This suggests that we might have to search for a solution that does not need us to use 
a solvent to remove material. One possibility is to use reaction termination as described 
below. 
4.3. Other techniques proposed to construct a gradient material 
The main purpose of this study is to make a system that can be used in rapid prototyping to 
construct a body with controlled grading. A graded material is one that gradually changes its 
properties in space, and a controlled grading is a variation in properties that can be specified, 
in this case within the RP system. As we started with one mixture in the RP system and we 
wanted to achieve variation of properties in space, any solution that allows obtaining 
controlled variation of properties from one mixture can be a candidate for use in the RP 
system. Up to now, using the natural differences in curing kinetics under a polychromatic UV 
lamp was studied to achieve samples that have full curing in the acrylic system and partial 
curing in the epoxy system. Next, a we used a solvent to remove remaining uncured 
components.  
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In this section alternatives to using solvents will be examined. The two possibilities that we 
selected to study are based on controlled curing using selective photo-initiators, and using 
termination agents. 
4.3.1 Selectable photo-initiators for control of network formation 
Many different initiation methods exist to get a system to polymerize. These include methods 
activating the process using heat (temperature activation), light (UV, visible or IR activation), 
and redox chemical reaction. From all these initiation methods, the activation by light is the 
most accurate, controllable, and it can be spatially focused to use in rapid prototyping. 
Depending on the chemical structure, photo-initiators can be activated over different ranges of 
the light spectrum. The purpose of this section is to identify an initiator for the radical reaction 
(fast reaction; acrylate) and one for the cationic reaction (slow reaction; epoxy) that can be 
photo-initiated independently. In essence, it is looking for appropriate photo-initiators that are 
activated over different parts of the light spectrum. 
Considering the Sigma Aldrich
®
 database, most of UV photo-initiators have a large range of 
wavelength absorbance. Indeed, these chemical compounds are designed to be easily used, 
thus are made to respond to light over a broad range of the spectrum. The problem for this 
project is to find cationic and radical initiators that do not share the same range of activation. 
To have selectivity in the photo-activation of polymerization, Boc-methoxyphenyl 
diphenylsulfonium triflate (C25H25F3O6S2), shown in Figure 4.9, is considered for replacing 
the cationic photo-initiator. This initiator can be purchased from the Sigma Aldrich Company, 
and has a single absorption peak around 255 nm. As a result, this molecule should be more 
selective than the previous cationic initiator.  
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Figure 4.9 - Boc-methoxyphenyldiphenylsulfonium triflate. 
The Boc functional group is tert-butyloxycarbonyl, and is shown on the Figure 4.10. 
 
Figure 4.10 - tert-butyloxycarbonyl. 
The Boc-methoxyphenyldiphenylsulfonium triflate (BOC) is used as an initiator or photo-acid 
generator (PAG) [52]. If enough energy is provided to a PAG, it is able be transformed into 
an acid cation and sulfonate anion. This compound is also used to change thermal properties 
without interfering with the intrinsic material structure [53]. In this case, it is not used as a 
cationic initiator but its presence can shift specific material properties. Scalfani et al. [54] 
have used the BOC as a photo-initiator in their mixture. 
This BOC initiator is a solid and is not soluble in the viscous resin. It needs to first be 
dissolved in a solvent to allow its homogeneous dispersion and then can be used for the curing 
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of the material. Moreover, the solvent used must be neutral and should not disturb the system 
during the curing. 
To dissolve this initiator, several classical solvents were considered: 
 Monomer; with this compound there is no problem of miscibility with the mixture 
because the monomer matches to the molecule which must be cured. 
 Propylene Carbonate (solvent of the previous cationic resin); this solvent is contained 
in the cationic resin (used during synthesis). The problem of immiscibility can be 
reduced if the resin’s solvent is used.  
 THF – tetrahydrofuran, DMS – Dimethylsulfoxide, Acetone, Ethanol; are alternative 
solvents. 
 Acetic acid (advised bySigma Aldrich). The acid may increase the activity inside the 
mixture and result in initiator diffusion. 
From all the solvents tested, only acetic acid gives a cured material after UV exposure under 
polychromatic lamp. The UV absorption spectrum of this system was studied to check if the 
photo-initiator with this solvent still has the desired selectivity for its activation. 
The spectrum of pure acetic acid [55] is shown in Figure 4.11. 
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Figure 4.11 - Acetic acid spectrum for three different temperatures. 
The maximum of absorption for acetic acid is at 204 nm. This indicates that the absorption of 
the pure solvent, which will be also measured, will not hide the spectrum of the initiator in the 
UV range.  
The UV spectrum of the mix (BOC + Acetic acid) was obtained by Shu Min Li, using an HP 
8452 UV-VIS spectrophotometer, as shown in Figure 4.12. 
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Figure 4.12 - UV absorption spectrum of BOC + Acetic acid mix. 
From Figure 4.12, the maximum absorption peak is at 289 nm. It seems that the dissolution in 
the acid has shifted the maximum point of the absorption. Because of the solvent, some 
molecular interactions can change polarity or ionic strength between the photo-initiator and its 
counterion (due to the weak pH of the acid). The curve also shows a good and narrow peak 
indicating the possibility of primarily initiating this reaction by using light around this 
wavelength, even if there is a step of absorbance on the right which can also initiate some 
amount of the cationic polymerization. 
It was noticed during the experiments that this cationic initiator has slower activation kinetics 
compared to the previous one used. Even though the maximum absorbance is a narrow peak, 
as shown in Figure 4.12, the shoulders of this peak does not go immediately to zero. To be 
sure that the absorbance of the radical initiator does not interact with that of the BOC 
absorbance, the selected radical initiator could be changed so that it is activates in the visible 
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range. With this idea, the protocol for preparation of sample needs also to take care to the 
visible light range of activation of this initiator. 
Cyanine borate salts are radical photo-initiators able to polymerize acrylic monomers under 
visible lights. A study has been reported by Jedrzejewska et al. [56] where these photo-
initiators were irradiated using the visible emission of an argon-ion laser. In this case, the 
cyanine borate salt was dissolved in THF (tetrahydrofurane), DMF (N,N- 
dimethylformamide) and ACN (acetonitrile). A switch of the maximum absorption was 
noticed depending on which solvent is used. However, no study has been done in the UV 
range, so a preventive experiment needs to be done to know if these photo-initiators are inert 
at the wavelength that initiate the BOC cationic photo-initiator (BOC). 
4.3.2 Termination reaction to stop the network formation 
In this part, the purpose is to find a way to control the stopping point of the growth of 
networks. The best method would be to control the termination reaction with a method that is 
light activated. If possible, it would be desirable to include a chemical termination agent 
inside the mixture that would be neutral until it is activated. 
There exist two kinds of termination reaction for the radical polymerization. These are based 
on the combination and the disproportionation. 
For the combination reaction, two growing chain end are suddenly connected together. If 
radicals still exist in the mixture, they can also be combined with an active chain. It is for this 
reason that too many radical initiators are not desired for the curing reaction. The non-reacted 
radicals used to initiate the reaction are also able to stop the growth of the network 
prematurely. The combination reaction is a statistical (so non-controllable) reaction. 
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COMBINATION OF CHAIN ENDS:   
     
         
For the disproportionation reaction, a third chemical compound is involved. This third 
compound contains a labile atom, which can be easily removed from the molecule. This labile 
atom is able to react with the active chain to stop the growth of the network. A labile atom can 
come from the polymeric chain, from some impurities or from the solvent. For a controllable 
termination reaction, the labile atom should be coming from the solvent and be broken away 
from the molecule when a selected UV wavelength is sent. Moreover, this UV light must not 
overlap with the photo-initiator absorbance wavelengths. 
DISPROPORTIONATION WITH LABILE ATOM:   
     
           
Thus the disproportionation with a solvent seems to be the most controllable termination. The 
problem is to find a solvent with a labile atom, which releases this labile atom when a UV 
wavelength is sent, and a solvent which does not disturb the polymerization reaction. 
A well-known molecule able to do the termination reaction is oxygen, which is abundant in 
air. Oxygen exists as two atoms of oxygen which can be separated to react with radicals. So 
changing the atmosphere can control the growth of the networks. But a changing of the 
atmosphere is a long process and not suitable for RP. So the idea of involving a solvent inside 
the mixture is still a desirable solution. 
The MB (methylene blue) is a redox dye which can be used as inhibitor. This molecule is 
interesting because it has an absorption peak around 660 nm. Nevertheless, it was not found 
that MB is able to be controlled by light. Only its efficiency as termination chain is proved 
[57]. 
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In another part, it was shown previously that activation of the cationic photo-initiator created 
radicals which are able to initiate the radical polymerization. Thus a protocol involving 
termination reaction will take care of this point. The acrylate network would be formed first 
and then stopped by a solvent. Afterwards, the cationic reaction can be started but the radicals 
created also react rapidly with the solvent in order to not reactivate the acrylate network 
formation. 
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Chapter 5: Conclusion and future work 
The purpose of this master thesis is to find a strategy for building a material system that 
can be cured in a rapid prototyping machine and that will allow to build a body that has 
controlled variation of properties. The strategy utilized builds on one similar to that used to 
construct Interpenetrated Polymer Networks (IPNs), since IPNs provide a natural way to 
produce a broad range of properties.  
Since traditional IPNs are normally constructed through a combination of photo and thermal 
curing, the construction of them can be slow, as thermal curing is a slow process. To solve 
this problem, building an IPN using photo-initiated curing of both networks was considered. 
This provided a faster method for obtaining the IPN. An acrylic/epoxy system that could be 
photo-initiated was identified, which involved constructing the acrylate network using radical 
polymerization and the epoxy network using cationic polymerization. The system was 
selected such that the acrylate system resulted in a very soft network, while the epoxy resulted 
in a very hard system. This provided a very large range of hardness that could be achieved 
simply by changing the ratio of the networks in the mixture. For the system selected, the 
range spanned two orders of magnitude of elastic moduli. 
A protocol was established to construct the acrylate/epoxy IPN. There is always a concern 
whether the resulting system is a true IPN. A true IPN has two networks interpenetrating each 
other in a way that neither network can express their individual behavior. The result of this 
interaction of the two networks on the molecular level is that, unlike a separated mixture that 
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normally shows distinct features of both components, the IPN exhibits a single property. To 
make sure that a real IPN was obtained, as opposed to a mixture of two phases, AFM, FTIR 
and DSC tests were conducted that in combination indicated the system developed was an 
IPN. 
The resins were fully cured using light in the UV wavelength. This was important since it 
would allow the systems to cured in the RP system in a manner that was similar and that 
could control the network formation. UV curing did not show optimal stability when tested by 
TGA analysis. As a result, a thermal post-curing treatment was proposed. The cured resins 
and mixtures showed good stability up to 200°C, but there was some degradation above this 
temperature. This degradation was faster for the pure acrylate resin. Thermal post-curing 
treatment under an inert atmosphere avoided the possibility of a second degradation step. 
The point of selecting the IPN structure was to use it to get a material that has graded 
properties in space. The second challenge was to obtain different properties from one mixture 
of resins, and which would be controllable in a way that is compatible with constructing parts 
in a RP system. We primarily looked at changing the ratio of networks in the IPN to obtain 
the needed control of the variation of properties. To do this, controlling the curing of each 
network and then removing the components that were not cured was considered, which would 
terminate the possibility of further changes in the system. We studied the role of the kinetics 
of network formation in the two systems and the possibility of using solvents and reaction 
terminators. It was noted that achieving different ratios of the two networks, due to the natural 
difference of kinetics of the two curing reactions, was possible. 
To better control the network formations, it was observed that it is possible to select initiators 
that are activated over different ranges of the light spectrum. A set of radical and cationic 
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photo-initiators with such properties were found. Changing the initiators did not modify the 
material properties in this case, but did change the kinetics of the networks formations. The 
more selective cationic photo-initiator was tested in the lab, but, even though proposed, the 
radical photo-initiator has not yet been tested. These new initiators are initiated over different 
ranges of the light spectrum, yet are still in the range of the spectrum possible to reproduce in 
the RP system. 
Methods to stop the network formation were also studied. The principle was to either remove 
the non-cured compounds or to use termination agents. A study of using solvents showed 
possible methods for removal of the uncured components. A problem with this process can be 
the time needed to extract the components for thick systems. Also, solvent evaporation, if not 
controlled, can damage the material. Methods to mitigate these problems were studied. A 
second protocol was proposed involving an inhibitor stopping the polymerization reaction. 
These ideas need to be studied in more detail to see if they are able to be used and controlled 
during RP of a part. 
Future work 
The problem of building a system that can produce a body with controlled shape and 
controlled variation of material properties has not yet been solved. Tough, major steps toward 
solving this problem have been taken. The systems developed are now being tested in an RP 
system, but the work is far from complete. In particular, the following next steps are required: 
1. With this work, one system was demonstrated that can be used and will give the 
needed characteristics to develop rapid prototyping of property distribution. The 
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material system needs to be optimized to find the best one suited for the RP system 
and provide the best controllability and range of properties. 
2. IPN systems need to be developed to provide a broad range of properties in multiple 
characteristics (thermal, mechanical, electrical, etc.).  
3. A better understanding of the effect of solvents for removing uncured components in 
the IPN needs to be developed. 
4. Alternate methods need to be found to freezing the ratio of components during the IPN 
construction. One solution could come from the efficient local mixing of the 
components, similar to what is done in some 3D printers, but with mixing that results 
in molecular interactions. Another solution might come from using termination agents 
that can be activated to stop any further network formation. 
5. Alternate methods need to be found for achieving property distributions. These, for 
example, could come from finding multi-functional molecules that can be initiated 
through different wavelengths to react differently and thus create different structures. 
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